Phosphopyridoxyl derivatives, which are stable analogues of a substrate-coenzyme complex, are bound at the active site with great affinity. From a comparison of the interaction of a number of such compounds with the apoenzyme the AGO values for the binding of the substrate carboxy and phenyl groups and of the coenzyme aldehydic group were determined to be equal to (or more negative than) -3.8,-8.4 and -12.5 kJ/mol (-0.9,-1.9 and -3 kcal/mol) respectively; the AGO for the binding of the coenzyme phosphate group was shown to be more negative than -20.5kJ/mol (-4.9 kcal/mol). Two features of the binding process of the coenzyme-substrate analogues to tyrosine decarboxylase have already been found in the case of tyrosine aminotransferase [Borri-Voltattorni, Orlacchio, Giartosio, Conti & Turano (1975) Eur. J. Biochem. 53, 151-160]: (1) in the binding of the substrate to the enzyme a significant fraction of the intrinsic AGO appears to be used for some associated endoergonic process; (2) the AH0 and AS0 of binding appear to be very sensitive indicators of the correct alignment of the substrate-coenzyme analogues at the active site.
Phosphopyridoxyl derivatives, which are stable analogues of a substrate-coenzyme complex, are bound at the active site with great affinity. From a comparison of the interaction of a number of such compounds with the apoenzyme the AGO values for the binding of the substrate carboxy and phenyl groups and of the coenzyme aldehydic group were determined to be equal to (or more negative than) -3.8,-8.4 and -12.5 kJ/mol (-0.9,-1.9 and -3 kcal/mol) respectively; the AGO for the binding of the coenzyme phosphate group was shown to be more negative than -20.5kJ/mol (-4.9 kcal/mol). Two features of the binding process of the coenzyme-substrate analogues to tyrosine decarboxylase have already been found in the case of tyrosine aminotransferase [Borri-Voltattorni, Orlacchio, Giartosio, Conti & Turano (1975) Eur. J. Biochem. 53, 151-160]: (1) in the binding of the substrate to the enzyme a significant fraction of the intrinsic AGO appears to be used for some associated endoergonic process; (2) the AH0 and AS0 of binding appear to be very sensitive indicators of the correct alignment of the substrate-coenzyme analogues at the active site.
Phosphopyridoxyl-amino acids are compounds structurally similar to one of the proposed coenzymesubstrate complexes that are formed at the active site of pyridoxal 5'-phosphate-dependent enzymes. In a previous paper (Borri-Voltattorni et al., 1975) we described the interaction of these compounds and of the coenzyme with apo-(tyrosine transaminase) from rat liver, showing that they bind at the active site and have a very high affinity for the enzyme; it was also possible to measure the contribution to the binding from different functional groups of the coenzyme and substrate. It was noticed that the AH0 and AS0 values of binding are particularly sensitive to the formation of a correct coenzyme-substrate-enzyme complex, and much more so than the AG0 values of binding. It seemed worthwhile to study the interaction of the same analogues with another vitamin B-6-dependent enzyme with the same substrate specificity, but a different catalytic function. In the present paper we have therefore studied the binding of these compounds (Fig. 1) The activity was measured by following the method described by Salvadori & Fasella (1970) All solutions were adjusted to pH 5.5 before use. All components, except the enzyme, were preincubated at the desired temperature in the vessel of the pH-stat (Radiometer TTT2) for 7min; the reaction was then started with the addition of the enzyme solution. The reaction was followed (for at least 10-15min) by monitoring the addition of 5mM-HCI needed to keep the pH constant. The dissociation constant of the pyridoxal 5'-phosphate and the inhibition constant K, for pyridoxal derivatives and coenzyme analogues were determined as described in a previous paper (Orlacchio & Borri-Voltattorni, 1979) .
A rate equation for tyrosine decarboxylase has also been proposed, which considered the presence of a competitive inhibitor towards pyridoxal 5'-phosphate (Orlacchio & Borri-Voltattorni, 1979 (Orlacchio & BorriVoltattorni, 1979) .
No difference in inhibiton was found when the apoenzyme was preincubated with the inhibitor; thus the activities of the apoenzyme treated with 1.25 pM-5'-phosphopyridoxyl-L-tyrosine without preincubation or with 5 min or 15 min preincubation differed by less than 3 %.
Pyridoxal 5'-phosphate and pyridoxamine 5'-phosphate were commercial products from Merck A.G. (Darmstadt, Germany). The synthesis and the structure of the phosphopyridoxyl derivatives have been described in a previous paper (Borri-Voltattorni et al., 1975) . All other reagents were of analytical grade.
Results
All pyridoxal derivatives tested behave as competitive inhibitors towards the coenzyme.
The AGO values of binding of the inhibitors were calculated from the K, values at 37°C, and are shown in Table 1 .
Effect oftemperature on theformation ofthe complexes
The variation of K, as a function of temperature between 10 and 37°C was also examined. Van 
Discussion
In interpreting the kinetics of tyrosine decarboxylase, the non-enzymic formation of the Schiff base between tyrosine and pyridoxal 5'-phosphate must be taken into account (Orlacchio & Borri-Voltattorni, 1979) . A rate equation was therefore proposed, which fitted well the experimental data. This rate equation is also compatible with a direct binding of the nonenzymically formed Schiff base with the enzyme active site. However, it must be pointed out that the occurrence of this binding is not yet proved; the same conclusion was reached by Litwack & Cleland (1968) , when a similar binding of the Schiff bases was proposed for tyrosine aminotransferase.
The pyridoxal derivatives that are the subject of the present paper are structurally similar to the Vol. 185 Binding of the groups on the 4'-position By comparison of the AG' values of binding for pyridoxamine 5'-phosphate, pyridoxine 5'-phosphate, 4'-deoxypyridoxine 5'-phosphate and 5'-phosphopyridoxyl-methylamine it can be inferred that a positive charge in the 4'-position has a strong unfavourable effect on the binding to the apoenzyme. Although this effect is also present in tyrosine aminotransferase (Borri-Voltattorni et al., 1975) , it is much more pronounced for tyrosine decarboxylase, the value for which, by comparing pyridoxamine 5'-phosphate and 4'-deoxypyridoxine 5'-phosphate, is 10.9 kJ/mol (2.6 kcal/mol). This effect also explains the large difference in binding between pyridoxamine 5'-phosphate and pyridoxal 5'-phosphate, which amounts to 23.9 kJ/mol (5.7 kcal/mol). In tyrosine aminotransferase this difference is only 11.7kJ/mol (2.8 kcal/mol), but it should be noticed that, whereas in the latter enzyme pyridoxamine 5'-phosphate has a role as a coenzyme, in the decarboxylase it has no role at all. This unfavourable effect of the positive charge may be due to the proximity of a lysine residue, i.e. the one that forms an aldiminic bond with pyridoxal 5'-phosphate; it can be argued that in the transaminase, but not in the decarboxylase, the electrostatic repulsion between the positive charges of pyridoxamine 5'-phosphate and lysine is partly compensated by some unknown factor, in order to allow the aminic form of the coenzyme to be bound efficiently.
The energetic contribution of the aldimine bound in the decarboxylase can be estimated by comparison of the binding of pyridoxal 5'-phosphate with that of pyridoxamine 5'-phosphate or 4'-deoxypyridoxine 5'-phosphate. It amounts to -8.4 to -12.6kJ/mol (-2 to -3kcal/mol), and is very similar to that in tyrosine aminotransferase (Borri-Voltattorni et al., 1975) .
The higher affinity of 5'-phosphopyridoxylmethylamine compared with that of pyridoxamine 5'-phosphate is not easily explained; one possibility is that the 4'-methyl group contributes to the binding by interacting with a hydrophobic area of the substrate binding site.
Examination of the 5'-phosphopyridoxyl derivatives with larger substituents in the 4'-position revealed that the compounds with the highest affinity for the enzyme are, besides 5'-phosphopyridoxyl-L-tyrosine, which resembles more closely the real substrate-coenzyme intermediate complex, those that lack the carboxyl function (i.e. 5'-phosphopyridoxyl-tyramine and 5'-phosphopyridoxyl-Ltyrosinol). This is another feature that distinguishes tyrosine decarboxylase from tyrosine aminotransferase, and is likely to be correlated with the different type of reaction catalysed by the former enzyme. Before discussing this point, it is worthwhile to examine the contribution to the binding, of the two functional groups that compose the substrate moiety of the 5'-phosphopyridoxyl derivatives, i.e. the carboxy group and the phenyl group. The contribution for the binding of the carboxy group of the substrate can be evaluated from the difference in AG' between 5'-phosphopyridoxyl-L-tyrosine and 5'-phosphopyridoxyl-tyramine (OkJ/mol) or from the difference in AGO between 5'-phosphopyridoxyl-L-alanine and 5'-phosphopyridoxyl-methylamine [-3.8kJ/mol (-0.9 
The AGO of binding of the carboxy group therefore depends on whether the p-hydroxyphenyl side chain of the amino acid is present or absent. A similar situation is found with the hydroxyphenyl group. Its AGO of binding can be calculated from the difference in AGI between 5'-phosphopyridoxyl-L-tyrosine and 5'-phosphopyridoxyl-Lalanine [-4 .4kJ/mol (-1.0kcal/mol)] or from the difference in AGO between 5'-phosphopyridoxyltyramine and 5'-phosphopyridoxyl-methylamine [-7 .9kJ/mol (-l1.9kcal/mol)].
The fact that the binding of either the carboxy or the hydroxyphenyl group is made less favourable as a consequence of the presence of the second group strongly suggests that some distortion or strain is present in the substrate-coenzyme-apoenzyme complex (Jencks & Page, 1972) .
The AGO of binding of the carboxy group [-3.8kJ/ mol (-0.9 kcal/mol)] or the phenyl group [-7.9 kJ/mol (-1.9 kcal/mol)] when the second group is absent (as in 5'-phosphopyridoxyl-L-alanine or in 5'-phosphopyridoxyl-tyramine) might represent the apparent intrinsic AGO of interaction for these groups. As pointed out elsewhere (Jencks & Page, 1972; Borri-Voltattorni et al., 1975) , the apparent intrinsic AGO of interaction can be more positive than the real intrinsic value owing to the possible occurrence of at least two unfavourable contributions: a decrease in entropy due to freezing of the compounds at the active site on binding of the carboxy or the phenyl group, and some distortion that could be introduced in the compounds and that would increase the apparent AGO of interaction.
As shown above, the existence of some distortion is strongly suggested for 5'-phosphopyridoxyl-Ltyrosine, which is the derivative that more closely resembles the real substrate-coenzyme complex.
The carboxy group is mainly responsible for this distortion, or anyway for this decrease in binding, as shown by the fact that the 5'-phosphopyridoxyl derivatives lacking the carboxy group (5'-phosphopyridoxyl-tyramine and 5'-phosphopyridoxyl-tyrosinol) bind just as well as or even better than does 5'-phosphopyridoxyl-L-tyrosine. Since the carboxy group is the one eliminated during the catalytic process, this 'distortion' caused by the carboxy group is likely to be relevant for the efficiency of the catalysis.
The compound formed by condensation of dopa (3,4-dihydroxyphenylalanine) and pyridoxal 5'-phosphate binds very poorly, as is the case with tyrosine aminotransferase (Borri-Voltattorni et al., 1975) ; this seems to rule out the possibility that in these enzymes a situation in which the aromatic ring of the substrate is perpendicular to that of the coenzyme is favoured for the formation of an interVol. 185 mediate complex (Borri-Voltattorni et al., 1975; Raso & Stollar, 1973) .
Binding of the phosphate group
Whereas the energetic contribution for the binding of the phosphate group can be evaluated in the case of tyrosine aminotransferase (Borri-Voltattorni et al., 1975) , where it is found to be equal to about -29kJ/ mol (-7 kcal/mol), it cannot be evaluated with tyrosine decarboxylase, owing to the poor binding of the phosphate ion itself and of the non-phosphorylated pyridoxyl derivative of L-tyrosine. As shown in Table 1 , the lower limits of the AG0 of binding of phosphate and pyridoxyl-L-tyrosine are respectively -4.2 and -16.7kJ/mol (-1 and -4kcal/mol).
From the difference in the AGO of binding of 5'-phosphopyridoxyl-L-tyrosine and pyridoxyl-Ltyrosine, it follows that the intrinsic AGO of binding of the phosphate group should be equal to or more negative than about -20.5kJ/mol (-4.9 kcal/mol).
The fact that the binding of phosphate alone is not detected and that the corresponding AGO is higher than -4.2kJ/mol (-1kcal/mol) is not surprising, since in the latter case a large loss of entropy is expected, and in the case of the phosphate group already linked to pyridoxyl-L-tyrosine this loss is avoided; this fact has been illustrated for tyrosine aminotransferase (Borri-Voltattorni et al., 1975) .
Although no quantitative value can be given, it is clear that for tyrosine decarboxylase also the phosphate group is essential for the binding of the coenzyme and its derivatives.
Influence of temperature on binding
The AHO values for the binding for coenzyme derivatives to the apoenzyme are usually large and negative, and overcome the unfavourable AS0 values, which are also negative (with two exceptions), as shown in Table 1 .
These values, being calculated from Van't Hoff plots, are subject to rather large errors; moreover they are composed from various contributions, which may derive from protonations or deprotonations, changes in conformation of the protein and/or the inhibitor and so on. For these reasons they cannot be used as such for a detailed description of the binding process; however, some useful considerations emerge from a comparison of the A(AH0) and A(ASO) for different analogues, which in some cases are certainly larger than the experimental error.
The largest (negative) values of AHO of binding are those of 5'-phosphopyridoxyl-L-phenylalanine and 5'-phosphopyridoxyl-L-tyrosine [-94.6 to -123.5kJ/ mol (-22.6 to -29.5 [-12 to -38 kJ/mol (-3 to - 
The first group of inhibitors, i.e. the one with the largest negative values, includes the 5'-phosphopyridoxyl derivatives of L-tyrosine and L-phenylalanine, which are the physiological substrates of the enzyme (Mitoma & Udenfriend, 1960) .
The other groups include the 5'-phosphopyridoxyl derivative of tryptophan, which is a very poor substrate (Mitoma & Udenfriend, 1960) , and other compounds that are not substrates at all. It should be remembered that some of these 5'-phosphopyridoxyl derivatives (i.e. those of tyramine and tyrosinol) bind just as well as does 5'-phosphopyridoxyl-Ltyrosine itself. Considering ASO, the 5'-phosphopyridoxyl derivatives of L-tyrosine and L-phenylalanine have the largest (negative) values, -276 and -201 J/mol per degree (-66 and -48 cal/mol per degree) respectively. This situation resembles the one found with tyrosine aminotransferase, where the 5'-phosphopyridoxyl derivatives of substrates have the largest (positive in this case) enthalpy variations.
In both enzymes the difference among the AHO values for the various inhibitors greatly exceed those among the AGO values.
Thus, for example, on comparing the binding of two analogues differing only for the carboxy group (5'-phosphopyridoxyl-L-tyrosine and 5'-phosphopyridoxyl-tyramine) there is no difference in AGO, but the difference in AHO amounts to 69.4kJ/mol (16.6kcal/mol) .
Therefore the AHO and ASO of binding ofcoenzyme analogues to apo-(tyrosine decarboxylase) appear to be very sensitive indicators of the formation of the correct substrate-coenzyme-apoenzyme complex; although the origin of these large AHO and AS0 values is not known, the magnitude of these differences indicate some rather extensive solvation or conformational change of the protein, perhaps not limited to the active site. The fact that this change is so specific for the analogues structurally more similar to the physiological intermediate complex suggests that this event is important for the catalytic process.
Comparison of tyrosine aminotransferase and tyrosine decarboxylase A comparison of the binding process of coenzyme analogues to two enzymes with different catalytic functions, namely tyrosine aminotransferase and tyrosine decarboxylase, reveals the existence of at least two common features: (1) an endoergonic process in the binding of the substrate part of the analogues; (2) a large difference in enthalpy and entropy in the formation of the complexes more closely resembling the natural ones.
As discussed above, both these features may be important for the catalytic process, and their occurrence in both enzymes reinforces this view.
A difference in behaviour between the two enzymes, however, can be detected in a more detailed analysis of the binding in the case of decarboxylase. A strain on binding of the substrate moiety can be detected only when both the hydroxyphenyl group and the carboxy group are present; this is shown, for example, by the fact that 5'-phosphopyridoxyl-L-tyrosine does not bind better than 5'-phosphopyridoxyl-tyramine.
With the aminotransferase, instead, a strain appears to be present when either the hydroxyphenyl group alone or the carboxy group alone is present; this is shown by the fact that 5'-phosphopyridoxyl-L-tyramine and 5'-phosphopyridoxyl-L-alanine do not bind better than pyridoxamine 5'-phosphate (Borri-Voltattorni et al., 1975) .
This difference, which seems to indicate a different architecture of the substrate-coenzyme-apoenzyme complexes for the two enzymes, is probably related to the different specificity; this is compatible with Dunathan's (1966) hypothesis, according to which the type of reaction catalysed by a vitamin B-6-dependent enzyme depends in the first place on the mutual orientation of the substrate and of the coenzyme aromatic ring.
